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USE OF SCIENTIFIC EXPERIMENT DATA IN PRELIMINARY DESIGN OF A POST-SKYLAB SPACE STATION

Ronald I. Miller
Physicist
The Boeing Company
Huntsvilie, Alabama
ABSTRACT

The computer program, which was constructed in
modular form, is built around two primary modules,
the scheduler and the resource profile calculator
(RPC). The scheduler consists of a random number
generator which, after considering the input from
the data base and from the ephemeris generator
module, randomly schedules the different experi
ments from the data base within the mission
timeline. Random scheduling techniques help to
make this program unique among Space Station
simulation models, and since many schedules are
generated, they provide a statistical basis for
making decisions affecting the Space Station design
requirements. The ephemeris generator tells the
scheduler the relative positions of the orbiting
Space Station and other celestial bodies (or
points on Earth) of interest. Based on information
from the ephemeris generator, the scheduler will
constrain ephemeris sensitive events (i.e., visual
imaging of celestial or terrestrial targets) to
occur during periods within the mission timeline
when a line-of-sight exists between the Space
Station and the target. Having scheduled
individual experiments in different time blocks
in the mission, the program moves to the RPC where
the resources for each experiment are summed at
specified time points throughout the mission. The
program has the capability of summing many re
sources, but only five were tabulated in the data
base. These were: electrical power, astronaut
skill and quantity, data rate, experiment weight,
and volume. The output from the RPC may be used
in several different ways by utilizing other
available program modules, but basically the RPC
output gives the user the experiment requirements
on the Space Station both as a function of time
and as an integral over the entire mission. The
program can schedule and analyze any set of events
desired, but only scientific experiments will be
discussed here. It should also be noted that the
program is applicable to any space mission, not
just earth orbit.

A computer simulation model with accompanying
input and analysis techniques has been developed
which will generate Phase A spacecraft preliminary
design data using a minimum of computer time,
allowing maximum flexibility, and requiring a
minimum of learning effort by the user. The
application of this model to Space Station design,
the construction of a data base for earth orbit
experiments, and the Candidate Experiment Program
for Manned Space Stations (Blue Book) are discussed.The Blue Book was the primary reference
for experiment data, and its contents, organiza
tion and current status are described.
INTRODUCTION

During the past eight years, approximately thirty
computer programs have been developed to simulate
operation of a Space Station in earth orbit. Many
of these programs are concerned with Space
Stations which will exist after the currently
planned Skylab missions are completed, and will be
larger in size and mission scope. Few of these
programs can be successfully applied to Space
Station Phase A (conceptual) design problems
because they:

,

(1)

require Phase C or pre-flight input data,

(2)

are cumbersome and not easily adapted to
providing rapid preliminary design type
output with limited input, and

(3)

are often constrained by well developed
and quite specific mission operation
groundrules which invalidate the output
for other applications.

To remedy this situation, The Boeing Company,
under contract to the Marshall Space Flight
Center (MSFC), developed a computer simulation
model with accompanying input technique which
would generate Phase A preliminary design data
using a minimum of computer time and requiring a
minimum learning effort by the user.U) The over
all purpose of the computer model was to create
schedules of mission events (scientific experi
ments in this case) and to record the resource
requirements imposed on the Space Station by the
event sequences. These resource expenditure
records may become Space Station preliminary
design requirements if the model is used to create
a sufficiently large number of different schedules
of the same events to give the resource records
statistical validity.

It became evident early in the project that if the
computer program was to be a realistic preliminary
design (PD) model, its construction should be
guided by real experiments described by real data.
This required a handy data base containing values
of the resources listed above for each experiment
to be considered. In addition to guidance in
development of the PD model, the data base would
provide check-out data for the completed model.
When the data base was completed, other uses for
it became clear. It would provide quick data
reference for Space Station designers, provide a
concise collection of experiment data for mission
planning and systems integration, and it even
contained preliminary values for experiment
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require the same instrument or which place con
flicting requirements on the Space Station are
incompatible. Since the computer recognizes
experiments only as numbers, it must be told that
each experiment is incompatible with itself.

parameters which were not given in the MSFC "Blue
Book." The "Blue Book," NASA Document NHB 7150.XX
entitled Candidate Experiment Program for Manned
Space Stations, was the primary reference for the
data base.Other sources of data included person
nel at MSFC involved with experiment programs,
Boeing scientists in Seattle, textbooks, documents,
and periodicals dealing with space experiments.
Often it was possible to derive values for parti
cular resources of the subject experiment from
related information given in the Blue Book. When
this was not possible, a needed data value was
estimated from the best information available from
the non-Blue Book sources mentioned above.
In the Blue Book, NASA has brought together the
requirements of the Federal Government and the
Scientific Community into a document which both
defines candidate earth orbital experiment programs
and acts as a guide for launch vehicle payload
planning activities. The Blue Book is organized
in 27 segments known as "Functional Program
Elements" or FPEs. Each FPE contains a group of
closely related experiments which often use the
same set of apparatus, and have similar support
requirements. One original FPE was omitted in the
June 1970 Blue Book edition, and the remaining 26
FPEs contain 175 unique experiments, which, when
experiment repetition is considered, become 87,100
individual items to be scheduled in the ten-year
mission.
DATA FORMAT AND PD MODEL TECHNIQUE

The quantity of experiments and resources which
could be scheduled and tabulated by the PD model
would be unlimited, except for the practical limits
on computer storage and run time availability.
However, for development of the model, the number
of resources was limited to five. In addition,
required input included the number of times an
experiment was to be repeated (Ix) , the duration
of the experiment (PDT), and, for astronomical or
earth survey experiments, the number and position
of the targets to be studied. The ephemeris
generator used the target position data to
determine windows during the mission when a given
target could be viewed and the experiment perfor
med. As is shown in Figure 1, the data base also
contained the experiment name, the type of module
housing the FPE, cost of the FPE, duration of the
FPE, and description of experiment incompatibilities
within the FPE. Three resources, power, astronauts,
and data rate, obviously vary with time. The time
variation of each of these resources for each
experiment (known as the resource profile) was
included in the data base in tabular form, and is
shown in graphical form in Figure 1 for clarity.
When the experiments are combined in a schedule,
resource profiles for the mission are created in
the RPC. When the resources are summed at time
points throughout the schedule, these profiles are
in effect integrated with respect to time yielding
total energy, man-hours, and data for that schedule
of the mission. Experiments within an FPE which
cannot be performed simultaneously are input to
the model with a notation that they are temporally
incompatible. For instance, two experiments which
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Possibly the most difficult problem encountered in
data base construction and mission scheduling and
simulation was the wide variation in event
duration, AT. A typical mission duration is 10
years, or 8.76 X lO* hours, while at the opposite
end of the spectrum, an electrical power transient
might be of one second duration, or 2.78 X 10-^
hours. If a PD model user wishes to have one
second resolution in his output, he then has
3.15 X 10 8 time steps on which to sum five
resources for a whole mission. This much work
requires a prohibitively large amount of computer
time. An obvious possible solution to this problem
is to build into the computer program a varying
AT for summation purposes, i.e., a procedure which
would sum resources at small values of AT when the
resource profiles were rapidly changing, and would
change to large AT's when no changes in resource
consumption were occurring. This solution was not
pursued because of lack of time and funding. An
alternate solution was developed in the time
available which is not as accurate, or at least
does not produce simulation as realistic as the
proposed solution, but does allow the model user
to know how much he has deviated from reality.
This solution consisted of fixing a minimum AT to
be used in the data base, using an "extrapolation
procedure" with the PD model, and determining the
percent error introduced in the extrapolation
procedure. The smallest AT for any event in the
data base was fixed at 0.1 hour, that is, any
transient in a resource profile of less than 0.1
hour was ignored. The extrapolation procedure is
made up of four steps:
I.

Generate schedules of experiments within
each FPE for a small FPE duration.

An assumed small duration for the whole FPE,
such as one year, reduces the number of time
steps required even if AT = 0.1 hour, and allows
100 schedules to be generated in a reasonable
amount of computer time, such as five minutes.
The reduced FPE duration also requires fewer
experiment repetitions which results in less
computer time.
II.

Select the "best" single schedule from the
set generated in Step I.

III.

Extrapolate this schedule to the realistic
duration.

To do the extrapolation, the scheduler is
started at the beginning of the selected
schedule and generates one schedule for the full
FPE duration but with continued small AT re
solution. The resource profiles of this
schedule are then taken as the resource pro
files which describe the FPE.
IV.

Generate schedules of FPEs within the
mission duration.

In this step, the FPEs are the units to be
scheduled. In order to cover a 10 year mission,
AT for Step IV will have to be increased in the
RPC, therefore, events of small duration will be
lost in the RPC summation process. But the
resource profiles themselves will contain
details of order of the new AT and the error
introduced by the change in AT can be estimated.

values. The best schedule is that schedule which
is not eliminated for any reason. That is, its
parameter values are acceptable for all resources
being considered.
DATA BASE CONTENTS AND RESULTS

Figure 2 indicates two ways in which errors may be
introduced into the resource profiles of a schedule.
In cases where a large AT summation is required,
and either the average or integrated resource
value is of greater importance while the peak values
of the resource are of lesser importance, higher
computer efficiency may be obtained by manually
adjusting the resource profiles of the FPE to a
constant average value. This not only saves
computer time, but core storage space as well.
All accuracy is lost in the peak values of the
resources, however. Other errors shown in Figure 2
result from hitting and missing resource peaks in
the RPC while performing extrapolation Step IV,
This occurs when the resource profile generated in
extrapolation Step III has event resolution of
ATRi, and the event resolution in Step IV is ATR2
where ATR2 > ATRi. In this case there are two
types of errors:
(1)

Negative errors in which the computer fails
to integrate over part of the area enclosed
by the resource profile curve;

(2)

Positive errors in which the computer
integrates over areas not enclosed by the
resource profile curve.

The percent error relative to an individual peak
may be estimated as shown in Figure 2, and the
total error will be given by:
E = EE
where E-j is the error for the i"th peak, AAj is the
area under the ith peak, and A is the total area
under the entire resource profile curve. It is
usually found that while the percent error for an
individual peak is often greater than 100 percent,
the total error for the extrapolation procedure
can be kept below 10 percent by proper choice of
initial approximations.

Figure 4 presents a summary of the data base
developed for the earth orbit experiments described
in the MSFC Blue Book. The actual data base con
sists of tables like those shown in Figure 1, and
gives data for each experiment in each FPE.
Figure 4 lists each FPE by name, gives its avail
ability date as stated in the June 1970 Blue Book,
and tabulates the number of experiments in each FPE
and the total number of items to be scheduled
which takes into account the repetition of some
experiments. It should be noted that most values
of Ix and PDT were not given in the June 1970 Blue
Book and were therefore derived by Boeing. Weight
and volume totals are shown because they are
constant for each FPE.
An incompatibility exists between different FPEs
as well as between experiments within an FPE.
For example, Stellar Astronomy experiments (FPE 2)
place strict pointing and stability requirements
on the Space Station. The Earth Survey experiments
(FPE 11) have similar stability requirements, but
the pointing direction is quite different from
stellar observations. Most of the Biomedical and
Behavioral experiments (FPE 13) require the
operation of a large on-board centrifuge. These
three FPEs are clearly incompatible since the
Space Station cannot point two ways at once and
since the centrifuge would create finite, if not
large, vibrations throughout the Space Station. A
solution to this problem, which was assumed in the
June 1970 Blue Book and in the Boeing data base,
is to place FPEs with special requirements in
separate modules. These modules may be attached
to the Space Station or be modules which are free
flying in the vicinity of the Station, depending
on the specific FPE requirements. This solution
explains the "Module Type" column in the example
data base of Figure 1.
By identifying the FPEs which place the most
severe requirements on the Space Station, the
data base can yield important information without
use of the PD computer model. Manned Space Flight
Engineering and Operations (FPE 24) requires the
most electrical power - 10,000 watts, while the
Earth Survey (FPE 11) requires the most performance
time - 82,080 hours. The Solar Astronomy Module
(FPE 3) has the highest data rate - 38,000 mega
bits/hour, and the Cosmic Ray Physics Lab (FPE 8)
is the largest in both weight and volume at 30,000
pounds and 9,111 cubic feet. This information
alerts the mission planner to the experiment
groups most likely to cause problems in scheduling
or shuttle payload allocation.

Output from the RPC is in the form shown in Figure
3. For each schedule that is generated, the peak
value found in the schedule, the average value,
the area under the resource profile curve, and the
efficiency of the resource are tabulated for each
resource being considered. From this data, the
computer constructs for each resource a graph of
each parameter (peak value, average value, etc.)
versus the number of schedules having a given
value of that parameter. This graph, known as a
Size Order Plot, allows the computer to select the
best schedule according to pre-set criteria. The
PD model user decides in advance which parameter
for each resource has the most meaning for his
purpose. He then fixes a maximum value of this
parameter for the corresponding resource, and the
computer eliminates all schedules having larger

From the foregoing discussion it can be seen that
the data base and PD model can help Space Station
designers and program planners to:
(1)
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Size power requirements,

(2)

Anticipate data and data rate requirements,

(3)

Size the Space Station with respect to
weight, volume, and crew,

(4)

Recognize incompatible experiments and
FPEs,

(5)

Determine shuttle cargo (Space Station
resupply) requirements.

above may be made with respect to current trends
in national priorities. The two disciplines which
will provide the most obvious benefits to the
average citizen are Earth Observations and Materials
Science and Manufacturing. Within the Earth
Observations discipline there are seven areas of
experimentation:
0) Meteorology and the Atmospheric Sciences

This is also the purpose of the MSFC Blue Book, but
the PD computer model and data base enhances the
preliminary design effort 1n two ways. The com
puter program gives the user the ability to
Investigate many alternatives simultaneously with
great speed, efficiency, and flexibility. The
data base contains all information necessary for
the operation of the PD model program in a volume
much smaller than the Blue Book itself. The data
base is constructed in a consistent format which
is designed for easy input to the computer program,
and in some cases contains data which cannot be
found in the Blue Book.

(2)

World Land Use Mapping

(3)

Air and Water Pollution

(4)

Resource Recognition and Identification

(5)

Natural Disaster Assessment and Anomalies

(6)

Ocean Resources

(7)

Special Research.

The goals encompassed by these experiments include:
definition of the Earth's geometry, surface char
acteristics and dynamic body properties; under
standing the physics of the atmosphere, the
prediction of weather and the establishment of a
basis for weather modification and climate control;
and responsible management Qf.the Earth's resources
and the human environment. (2) AS part of
Materials Science and Manufacturing in Space,
several groups at MSFC are planning a comprehensive
research program covering all types of solidifica
tion processes and the effects which the space
environment will have on these processes and their
products. These processes include:

It should be emphasized that use of the PD model is
not limited to earth orbit experiment operation,
but is easily adaptable to any type of space
mission. The user need only change the applicable
data while keeping the same basic data base format.
In fact, Boeing has already applied the PD model
to Lunar surface missions with much success.
CURRENT EFFORTS

The Blue Book, whose purpose is definition of earth
orbit experiment programs, is constantly changing
as the experiment concepts and technology change.
On January 15, 1971, an updated edition of the Blue
Book was issued which contains several improvements
over the June 1970 edition. These improvements
Include more logical organization of the data, more
detailed definition of data rate and astronaut work
time, indication of experiment repetition (Ix)
requirements, and up-rating of basic resource data
to present state-of-the-art values. The organiza
tional change consisted of grouping the FPEs into
seven disciplines: Astronomy, Physics, Earth
Observation, Communications/Navigation, Materials
Science and Manufacturing, Technology, and Life
Science. Each discipline is contained in a
separate volume in the eight-volume January 1971
edition of the Blue Book. This makes the new
edition physically easier to use. In addition to
the volume containing the seven disciplines, a
summary volume 1s provided which contains descrip
tions of potential Space Station and Space Shuttle
concepts. These descriptions Include a Shuttle
flight profile, integral and modular Space Station
definitions, and Shuttle-sortie operations. In
the sortie operation mode, the Space Shuttle acts
as a short term orbital experiment base in lieu of
or in addition to the Space Station. These
Improvements and additions will make the 1971 Blue
Book more adaptable to use with the PD model than
was the June 1970 edition.

(1)

preparation of glass and ceramic materials,

(2)

growth of single crystals,

(3)

solidification of metal castings,

(4)

production of alloy systems,

(5)

welding of two metals,

(6)

growth of bacterial cultures from a
liquid medium.

Products manufactured in space as a result of this
research program and the experiments described in
the manufacturing discipline of the Blue Book are
expected to find wide application in Industry,
science, and medicine.
NOMENCLATURE
FPE - "Functional Program Element"; a group of
related experiments.
Ix - Number of times an experiment is to be
performed.
MSFC - Marshall Space Flight Center
PD - Preliminary Design
PDT * Experiment or FPE duration (hours)
RPC - Resource Profile Calculator Module

Some comparison among the seven disciplines listed
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AT - Event duration (hours)
ATR - Time step in RPC (hours)
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FPE POT: 4 YEARS

POWER
MOD
ASTRONAUTS
EXP.
EXPERIMENT
(WATT)
ULE NUMBER
NAME
TYPE
PEAK AV. NO. SKILL
300 198 1 208-AST*
I&A 05001 INTER. SIZE
X-RAY SCOPE
30 20 1 208-AST*
05002 X-RAY SPECTROSCOPY
250 250 1 208-AST*
05003 NUaEAR
f- RAY SPEC.
250 100 1 208-AST*
05004 NUCLEAR EMUL.
r - RAY SPARK CH.
*BOEING ESTIMATE

NO. OF
DATA RATE JJ WEIGHT VOLUME h PDT
(HOURS) TARGETS
(LB.) (FT*)
MAX. MIN.
1*
41 (X-RAY)
515 47.1 2*
7.92 AV
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0.72 CONST.
25.2
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10.8

0.5* CONST. 1,875

T1

250 CONST.
250
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1000
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0

0
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1.6
3.0
3.0

1

0
0
1
1
0

1.6
1.6
2.0
2.0
3.0
3.0

|
i

ASTROS
EJ5

100

60 (INCL, X-R)

17.2

1

100

60

1*

41 (X-RAY)

2

3
4
5

0
0
270
270
360
360
0

6
7

8
9
10
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= 400i
g 300-

•m
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60

1

1

EXPERIMENT 13008
CO

2*

EXP. 1 2345678 91011121314

t - HR VALUE t ' HR VALUE t - HR VALUE t ~~ UPVALUE
0
1.6
1.6
2.0
7.0
. 3.0
3.0

60

INCOMPATIBILITY TABLE
FPE - 15

R301

R216

R205

R100

FPE COST: $32 X 106

FPE 5

R2

L
1

t

500-

J

200-

100o
CO

o
o
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1

2
t ' HR

3

)

i

c

2

t - HR

FIGURE 1

EXAMPLE DATA BASE

1

2
t ~ HR

3

PEAKS
PARTIALLY
MISSED

PEAK VALUE
UNCHANGED

ERRORS IN PEAK
VALUES

CONSTANT
AVG. VALUE
ATR FOR 1ST RUN
ATR FOR 2ND RUN

o-

ERRORS INTRODUCED BY CHANGE
IN ATR - MANUAL ADJUSTMENT
FROM VARYING PEAKS TO CONSTANT
AVERAGE

ERRORS INTRODUCED BY CHANGE
IN ATR - NO MANUAL ADJUSTMENT

- ERROR

COMPLETELY
MISSED
PEAK

+ ERROR = 500%

- ERROR = 100%

t

t

-* ATR - 1ST RUN *
-«• ATR - 2ND RUN *•

MAGNIFIED EXAMPLE OF ERRORS DUE TO DIFFERENT POSITIONS
OF TIME SLICES RELATIVE TO POSITION OF RESOURCE PEAK

FIGURE 2

ERROR ANALYSIS

00

I
RESOURCE
100
200
204
301
303
400
500
600
700

1
PEAK

AVE.

FIGURE 3

SCHED . 3
SCHED. 2
SCHED. 1
AREA EFF.
(ELEC. POWER)
(TOTAL ASTRO)
(MEDICAL DOC)
(DATA - MB/HR)
(DATA - LB/HR)
(WEIGHT)
(VOLUME)
(COST)
(ATTITUDE
CONTROL)

RESOURCE SUMMARIES

NO

DATE
AVAIL.

*k
(LBS)

*5
(FT?)

5315
1590
268
1920
104
14998
1010
19440
38376
16402
92080
11215
52883
5100
7111
6131
29508
61624

2800
3500
27518
602
8190
151
1070
30000
3195
457
5219
795
5487
1370
949
1280
850
362

514
3420
1441
8.2
184
17.4
44
9111
394
26.6
2320
372
871
353
91.1
85
35.2
30

105
224
227
2
470
21
21
199

8984
52145
4210
2880
1380
45360
45360
638

14563
2200
5282
4500
7736
107
300
1920

2835
1766
192
250
597
10
18
90

87100

516692

130401

25075.6

NO. OF EXPERIMENTS
TOTAL
UNIQUE

FPE
NUMBER

FPE
NAME

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
OMIT 19
20
21
22
23
24
25
26
27

GRAZING INCIDENCE X-RAY
STELLAR ASTRONOMY MOD.
SOLAR ASTRONOMY MOD.
UV STELLAR SURVEY
HIGH ENERGY STELLAR AST.
SPACE PHYS. AIRLOCK EXP.
PLASMA PHYSICS & ENV. PERT
COSMIC RAY PHYS. LAB
SMALL VERT. (BIO-D)
PLANT SPEC. (BIO-E)
EARTH SURVEYS
REMOTE MAN. SUBSTAT.
BIOMED. & BEHAV. RES.
MAN/SYSTEM INTEGRATION
LIFE SUPPORT & PROT. SYS.
MAT'LS SCIENCE & PROCES.
CONTAMINATION MEAS.
EXPOSURE EXPERIMENTS

74
78
78
75
75
75
74
75
75
75
75
75
76
75
75
75
75
75

5
2
4
3
4
6
6
3
8
7
5
3
15
5
14
6
9
8

57
30
2000
16
6
286
1572
9
70
7
61920
1501
13805
3100
1294
545
286
47

FLUID PHYS. IN MICROGRAVITY
IR STELLAR SURVEY
COMPONENT TEST & SENS. CAL.
PRIMATES (BIO-A)
MSF ENG. & OPER.
MICROBIOLOGY (BIO-C)
INVERTEBRATES (BIO-F)
PHYS. & CHEM. LAB

75
78
75
75
75
75
75
75

12
9
10
2
9
7
7
6
175

TOTAL

2 I X .PDT
(HOURS)*

* I - REPETITIONS

FIGURE 4

EARTH ORBIT DATA BASE SUMMARY

